Native silica aerogels are fragile and brittle, which prevents their wider utility. For designing more durable and stronger silica aerogels, polyvinylmethyldimethoxysilane (PVMDMS) polymers as effective and multifunctional reinforcing agents were used to strengthen methyltrimethoxysilane based silica aerogels (MSAs). The PVMDMS polymer, which was composed of long-chain aliphatic hydrocarbons and organic side-chain methyl and alkoxysilane groups, was integrated into silica networks via a simple sol-gel 
Introduction
Silica aerogels are nanostructure materials with open pore structures, which are typically formed by aggregated nanoparticles via sol-gel processes and are generally obtained by supercritical drying.
1,2 The resultant materials, which possess low density, large pore volume, and high surface area, 3 have been attractive candidates for thermal 4 and acoustic insulators, 5 catalyst supports, 6 and low-k dielectric membranes. 7 Although they have many fascinating characteristics, native silica aerogels are very difficult to apply to practical applications due to their brittle nature and moisture adsorption behavior. To improve the water-repellent capacity, 8 a facile and economical method using methyltrimethoxysilane (MTMS) as the precursor to prepare hydrophobic silica aerogels is applied. MTMS based aerogels (MSAs) with high exibility and hydrophobicity can easily avoid deterioration over time upon exposure to moisture. 9, 10 Moreover, it is noteworthy that the introduction of methyl groups can effectively alleviate the ceramic brittleness of silica aerogels and enhance the elasticity of silica networks. This is mainly due to the fact that MTMS could react to form a more exible structure than tetra-alkoxysilane with four alkoxy groups.
11
Though the MSAs are very exible and elastic, it does not take much force to compress them. 11 For designing more durable and stronger silica aerogels, the choice of reinforcement methods, on the basis of reasonable selection of silane precursors, is also a crucial step. Up to now, different approaches have been explored to reinforce silica aerogels, which include enhancing gel strength by increasing gel aging temperature, 12 reinforcing the crosslink of silica backbone with polymers, 4, 13, 14 and dispersing different bers in the initial sol of silica aerogels, 15, 16 etc. In principle, the most effective way is the integration of polymers into silica aerogels. Thus, the organicinorganic hybrid silica aerogels prepared by this method have more robust structures and better mechanical properties.
17
At present, these polymers mainly include epoxide, 18 polyurea, 19 polyurethane, 20 polyacrylonitrile, 21 and polystyrene, 22 etc. And their reinforcement mechanism can be achieved by, rstly modifying the surface chemistry of silica networks with appropriate functional groups and then growing the polymer coatings from modied surfaces.
17 Thus, aerogels reinforced by these polymers usually exhibit heterogeneous core-shell structures, 1 which would be unfavorable to satisfy the requirements of silica aerogels with light weight, high surface area, and excellent insulation performance. Recently, Kanamori's group [23] [24] [25] has reported an innovative approach to prepare doubly cross-linked polyvinylpolydimethylsiloxane-based aerogels. This novel and facile preparation of the double-cross-linking structure is based on consecutive processes involving radical polymerization and hydrolytic polycondensation.
25
In contrast to core-shell structures, the doubly cross-linked strategy is more conducive to forming homogeneous silica networks, avoiding obvious phase separation 23 and particles aggregation in the sol-gel process. Beneting from the organic bridge and homogeneous distribution of polyvinylmethyldimethoxysilane (PVMDMS) in silica networks, polyvinylpolydimethylsiloxane aerogels exhibit many merits, such as low density, uniform nanopores, high transparency, super compressibility, high bendability, excellent machinability, and thermal superinsulation. 24, 25 However, the plastic deformation still exists in polyvinylpolydimethylsiloxane aerogel networks to some extent. These aerogels obtained by supercritical drying cannot rebound to their original height when the compressive stress is removed.
Inspired by the double cross-linking strategy, polyorganoalkoxysilane with high molecular weight is a kind of ideal polymer reinforcing agents for silica aerogels. Herein, we report the design of an elastic polymer-reinforced silica aerogel, PVMDMS reinforced MTMS based silica aerogel (PRMSA), which was facilely prepared by compounding PVMDMS polymers into the initial sol of MSAs. An extremely fascinating phenomenon was discovered that PRMSAs with abundant methyl groups and long-chain aliphatic hydrocarbons exhibit wonderfully elastic recovery property. In this paper, the hydrophobicity, morphology, specic surface area (SSA), and mechanical properties of PRMSAs were characterized systematically. Furthermore, the thermal conductivity and thermostability were also investigated. Excellent thermal insulation properties would ensure that PRMSAs are more suitable for energy-saving applications, although organic components may have some negative effects on the thermal stability.
Experimental section

Materials
Vinylmethyldimethoxysilane (purity: 97%), di-tert-butyl peroxide (purity: 97%), methyltrimethoxysilane (purity: 97%), tetramethylammonium hydroxide pentahydrate (purity: 97%), benzyl alcohol (GC), ethanol (AR), and distilled water were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. All reagents in this work were used as received without further purication.
Preparation of PVMDMS
According to Zu's method, [23] [24] [25] we have successfully prepared PVMDMS polymers. The mixture of vinylmethyldimethoxysilane (VMDMS) and di-tert-butyl peroxide (DTBP) with a molar ratio of 10 : 1 was added to the hydrothermal reactor, and argon was injected into the hydrothermal reactor three times to remove air. Then, the hydrothermal reactor was sealed and heated at 120 C for 72 h. Aer reaction, the transparent PVMDMS can be obtained by cooling to room temperature. The weight-average molecular weight of these polymers can reach up to 13 982, and the degree of polymerization was up to 105. And the molar ratio of precursors to BzOH was controlled at BzOH/Si ¼ 5 mol mol À1 . The uniformly dispersed transparent solution was obtained by slowly stirring. Then, tetramethylammonium hydroxide (TMAOH)/Si ¼ 0.075 mol mol À1 and deionized water (H 2 O)/Si ¼ 3 mol mol À1 were added into the transparent solution, and the homogeneous sol was obtained by slowly stirring for 10 min. Aer that, the sol was transported into a plastic container with a lid and sealed. The gel was obtained at 50 C for 2 h and aged at 100 C for 4 d in an oven, and aer 4 times of ethanol solvent exchange (each 24 h) at 60 C to wash and remove the residuals, the orange gel turned to a transparent gel. Finally, PRMSAs were obtained aer experiencing CO 2 supercritical drying (55 C, 15 MPa).
Preparation of PRMSAs
Characterizations
The bulk density (r b ) was determined by measuring the weight and volume of samples. The diameter shrinkage and volume shrinkage were measured by the ratio of size change from wet gels to aerogels. The weight-average molecular weight and polydispersity of PVMDMS were determined by gel permeation chromatography (GPC) system (PL-GPC50, Agilent, Germany) with chloroform as solvent. The hydrophobic performance of specimens was measured by using contact angle instrument (DSA100, KRUSS, Germany) with putting a 5 mL water drop on the horizontal surface of aerogels. Fourier-transform infrared (FTIR) spectra of all samples were measured at 400-4000 cm À1 using pressed KBr pellets on a spectrophotometer (Nicolet 6700, Thermo sher, USA; resolution: 2 cm À1 ). Uniaxial compressiondecompression tests were carried out with a material tester (XBD-4000, Xinbiao Corp., China). The crosshead speed was 0.5 mm min À1 for compression and 0.2 mm min À1 for decompression. The surface structure and morphology of specimens were observed by using a eld-emission scanning electron microscope (FESEM; SIGMA 500, ZEISS, Germany) operated at 10 kV. The samples were sputter covered with a gold alloy prior to imaging. Nitrogen adsorption-desorption isotherms were calculated at 77 K through a Quantachrome ASiQwin surface area and porosimetry analyzer. Aerogel powders were degassed under vacuum at 80 C for 8 h prior to the analysis. The SSA of aerogels was determined from the adsorption isotherm using the Brunauer-Emmett-Teller (BET) theory through an automatic surface area analyzer (Autosorb-iQ 2 -MP, Quantachrome, USA) at N 2 environment. The pore size distribution was derived from desorption branches of the isotherms by applying the Barrett-Joyner-Halenda (BJH) method. According to open literature, 26 the average pore size was calculated by eqn (1), and the pore volume (V pore ) was obtained by eqn (2) . The skeleton density (r s ) of silica aerogels is 2.2 g cm À3 , which was obtained from reported work. 27 The thermal conductivity of aerogels was tested by using a Hot Disk thermal constant analyzer (TPS2500S, Hot Disk, Sweden) with the c5465 detector. And the thermal conductivity of PRMSAs with the size of B30 Â 20 mm was measured under "bulk" mode. Each sample was tested for 3 times and the average value was adopted. To evaluate the thermal stability of samples, TG-DSC analyses were performed on a thermogravimetric Analyzer (STA 449 F3, NETZSCH, Germany) in air atmosphere, with a heating rate of 10 C min
À1
from room temperature to 800 C.
3 Results and discussion
Hydrophobicity of monolithic PRMSAs
The reasonable selection of silane precursors is a crucial step for synthesizing silica aerogels. In order to prepare mechanically enhanced silica aerogels, our group has chosen hydrophobic MTMS as the silane precursor and PVMDMS polymer with methyl groups as the reinforcement to overcome the brittleness issue of native silica aerogels. The wet gel was formed by strong base catalysis via the sol-gel process, and the resultant PRMSAs were prepared by exchanging solvent inside gels with supercritical uids. The detailed preparation process is shown in Fig. 1 . Compare with MSAs in Fig. 2a , PRMSAs exhibit better monolithic properties without signicant cracking and fragmentation. The reason for forming monolithic aerogels should be explained from the viewpoint of molecular structure. The successful integration of polyorganoalkoxysilane into inorganic silica system makes silica aerogels possess long-chain aliphatic hydrocarbons and abundant methyl groups, which plays a vital role in improving the mechanical property of silica aerogels. Apart from mechanical properties, hydrophobicity is also worth mentioning. The hydrophobic nature is quite important for silica aerogels to avoid their deterioration with environmental humidity and to maintain their cleanliness. Thus, the reasonable design of hydrophobicity would be benecial to the widely practical application of silica aerogels. Table 1 Table 1 . The unsatised hydrophobic performance of PRMSA-20 may be caused by the low content of PVMDMS. Differently, the low hydrophobicity of PRMSA-75 and PRMSA-90 could be account for their relatively dense structure ( Fig. 4g and h ). In fact, these results mean that the proper introduction of PVMDMS could lead to an improved hydrophobicity.
The ve presented spectra in Fig. 3 Abundant methyl groups are the essential factor to prepare hydrophobic silica aerogels. The presence of methyl groups is proven by the FTIR spectra, which originates stretching vibrations of the C-H bonds that are found at 2972 cm À1 , and the stretching vibrations of Si-C bonds near 850 cm À1 . The stretching vibrations of methylene groups are also observed at 2925 cm À1 , and the vibration absorption peaks are obvious with the increase of PVMDMS dosage. Respectively, the abovedescribed peaks are coincident with those already reported in open literature, 29 which also means that PVMDMS reinforcements are successfully integrated into silica aerogels. 
Morphology and porous structure
The morphological structures of MSAs and PRMSAs have been investigated by SEM images in Fig. 4 . The similarity of these aerogels is that their skeleton networks consist of a large number of nanoparticles, which would be benecial to acquire a uniform silica network. But for MSA, there are also some relatively large secondary particles ($500 nm) formed by aggregating small nanoparticles (Fig. 4a and b) , which are responsible for the existence of large pores in MSA. More interestingly, the growth of secondary particles could be inhibited with the increased dosage of PVMDMS. As shown in SEM images (Fig. 4c-j) , the obtained PRMSA-20, PRMSA-50, PRMSA-75, and PRMSA-90 exhibit a relatively homogeneous three-dimensional porous network structure. The pore size of PRMSAs is a bit smaller than that of MSA, meaning that continuous addition of polymers could avoid the collapse of aerogel networks, and inhibit the damage of capillary tension. However, it is noteworthy that excessive dosage of PVMDMS reinforcements may cause a more dense structure and higher density due to the polymer shrinkage, which would have a negative impact on the thermal insulation and high hydrophobic properties of PRMSAs.
Aerogels are a kind of typical porous materials, which have attracted wide attention due to their attractive surface area and porous structure. In our experiments, the SSA of aerogels measured by the BET method has been shown in Table 2 . The SSA of MSA is up to 544 m 2 g À1 . Compared with MSA, PRMSAs exhibit a relatively large SSA owing to these uniform nanopores (Fig. 5b) in doubly cross-linked silica networks. Respectively, the SSA of PRMSA-75 is twice as high as that of MSA, reaching up to 1039 m 2 g À1 . Moreover, the SSA of PRMSAs is also closely related with aerogel network structures. Because of the ne solution of PVMDMS polymers in the original sol, there is no obvious phase separation in the sol-gel process. PRMSA-20, PRMSA-50, PRMSA-75, and PRMSA-90 with homogeneous network structure exhibit a higher SSA than that of MSA with large secondary particles in its network. Generally, these obtained results would be meaningful for synthesizing hybrid silica aerogels with high SSA. Fig. 5a shows the nitrogen adsorption-desorption isotherms of aerogels. All aerogels exhibit lower adsorption at the relative pressure range of 0-0.7, and adsorption monotonically increased with increasing relative pressure, which is characteristic of type IV isotherms.
30 PRMSA-20, PRMSA-50, PRMSA-75, and PRMSA-90 show similar nitrogen adsorption-desorption isotherms in Fig. 5a . The hysteresis loops of PRMSAs are larger than that of MSA, which indicates the existence of a substantial amount of pores in PRMSA networks. Fig. 5b shows the pore size distribution of aerogels. The MSA shows a peak of pore size distribution at $21 nm. Compared with MSA, PRMSAs have high peaks of pore size distribution at the range from 11 to 14 nm. These more uniform and smaller nanopores also indicate that PVMDMS reinforcements are helpful for forming homogenous silica networks. Meanwhile, the calculated pore volume ranges from 5.428 to 8.636 cm 3 g À1 in Table 2 , which indirectly proves that PVMDMS plays an important role in controlling the porous structure of aerogels. 
Mechanical properties
It has been reported that monolithic MSAs could be prepared by using MTMS as the sole precursor. 31 Further developments, owing to the effect of urea and surfactant, MSAs exhibit a high compressive modulus of 7.41 MPa.
32 Different from previous researches, the mechanical property of MSAs has been improved by introducing PVMDMS polymers into silica networks in this paper. Fig. 6a and b show the stress-strain curves of PRMSAs with different dosages of PVMDMS. As presented in these stress-strain curves of uniaxial compressiondecompression tests, the optimized aerogels PRMSA-20 and PRMSA-50 show ne elastic recovery properties. It can be observed from Fig. 6b that PRMSA-20 and PRMSA-50 compressed with 50% strain have no obvious fracture and can fully recover their original shapes aer the force is removed. In addition, in contrast to compression processes in Fig. 6a and b , there is an elastic network in PRMSA-20 and PRMSA-50, which gives them a greater resilience force during decompression processes. A possible explanation for this phenomenon may be that appropriate addition of PVMDMS inhibits the inherent brittleness of silica aerogels, and greatly facilitates the formation of a exible silica network by self-crosslinking.
The Young's moduli of PRMSAs calculated from the stressstrain curves of uniaxial compression-decompression tests have been displayed in Fig. 6c and d . These values of Young's moduli suggest that PRMSAs prepared with more polymers usually have higher Young's modulus. However, there is a negative correlation between the elastic behavior of aerogels and Young's modulus. For example, the Young's modulus of PRMSA-90 is higher than that of other samples at 20% strain or 50% strain, but the elastic recovery of PRMSA-90 is not satisfactory in Fig. 6a and b . In fact, PVMDMS polymers with alkoxysilane side chains have effectively enhanced the internal pearl-like structure of silica aerogels, which avoids the formation of fragile silica ceramic phase by aggregating nanoparticles. Thus, the compressive strength of PRMSAs is determined by the addition of PVMDMS polymers, which is consistent with Young's modulus in Fig. 6c and d . Moreover, it is noteworthy that the compressive strength of PRMSAs prepared by one pot catalysis with a strong base is signicantly higher than that of other polymer modied silica aerogels.
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Aer the compression tests, PRMSAs can maintain a ne monolithic shape without cracking and fragmentation, which would be of great signicance for the practical application of silica aerogels.
Thermal properties
In the eld of thermal insulation, thermal conductivity is an important index for evaluating the quality of PRMSAs. The thermal conductivity of a porous material consists of three components: heat transfer by the gas phase, solid phase, and radiation, [36] [37] [38] which is mainly affected by the porous structure and density. Fig. 7a displays the thermal conductivity of MSAs and PRMSAs. Affected by the non-homogeneous silica networks ( Fig. 4a and b not be detected by the N 2 gas adsorption-desorption method, 40,41 the relatively higher thermal conductivity of PRMSA-20, PRMSA-50, and PRMSA-90 may be caused by some macropores in networks (Fig. 4) . These macropores would lead to a high gaseous thermal conductivity in aerogel networks.
The TG-DSC curves of MSAs and PRMSAs are presented in Fig. 7b-f . As for MSAs (Fig. 7b) , the predominant weight loss occurs between 350 and 650 C, owing to the thermal oxidation of Si-CH 3 groups on the network of MSAs. 42 In this stage, the peak temperature corresponding to the exothermic reaction is 485.1 C. PRMSA-20, PRMSA-50, PRMSA-75, and PRMSA-90 have two distinct weight losses are observed in Fig. 7c-f , one of which begins at 220 C and ends at 450 C, the other ranges from 450 to 650 C. In the rst stage, the weight loss of PRMSAs is mainly caused by the thermal oxidation reactions of aliphatic hydrocarbons. Moreover, more PVMDMS polymers will result in a larger weight loss. The weight loss of PRMSA-90 is up to 27.07% before 450 C. In addition, the peak temperatures in the rst stage obtained by DSC curves show similar features, which suggests that silica aerogels reinforced with PVMDMS are more suitable for applying in low temperature environments (under 200 C). With the increase of PVMDMS addition, the peak temperatures of exothermic reactions in the second stage are stable between 450 and 500 C, indicating that PVMDMS polymers have little effect on the thermal stability of Si-CH 3 groups.
Conclusions
Monolithic and elastic, polymer-reinforced silica aerogels have been synthesized by using MTMS as precursor and PVMDMS as reinforcement. The abundant methyl groups linked to silica backbone make PRMSAs exhibit high hydrophobic properties, which are fully conrmed by FTIR and TG-DSC analyses. Moreover, homogenous 3D silica networks have been observed by SEM, and the pore diameter of PRMSAs is much smaller than that of MSAs when MTMS is the sole precursor. In particular, because of the introduction of PVMDMS polymers, PRMSAs without obvious large particles possess a higher SSA, reaching up to 1039 m 2 g À1 . Compared with non-reinforced MSAs, the presence of long-chain aliphatic hydrocarbons is benecial for PRMSAs to acquire improved mechanical properties. PRMSAs show a perfectly elastic recovery property when the critical ratio of PVMDMS is integrated into aerogel networks. As for thermal insulation, the organic components have no negative impact on thermal conductivity. On the contrary, PRMSAs exhibit a relatively low thermal conductivity of 0.0228 W m À1 K À1 under ambient environments, which would be of great signicance to the application of thermal insulation. In conclusion, the ultimate goal of this paper is to produce polymer-reinforced silica aerogels with the desired combination of properties for a particular application. All these results would help us to have a better design of high-performance aerogel materials.
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